three-dimensional images of an object from a set of integrated measurements through it. With the wider availability of powerful computers, there has been a growing interest in tomography in recent years.' It has proved to be valuable for medical imaging, particularly using x rays. At optical wavelengths, tomography may be used for measurements in fluid flows, 2 ' 3 flames, 4 ' 5 and optical-fiber preforms. 6, 7 It is a nonintrusive technique and does not require seed particles. Integrated measurements of either absorption or phase may be used for optical tomography. Phase measurements for optical tomography may be made by using interferometry. 3 ' 5 holography, 8 In a previous Letter we discussed imaging a supersonic expansion from a nozzle using absorption optical tomography. 2 In this Letter we report an application of beam-deflection optical tomography to a gaseous system. Specifically, we determine two-dimensional images of density in a supersonic expansion from a nozzle. The density variation in these supersonic free jets may be calculated accurately, providing a check for our measurements. The wide range of densities in the expansion and the sharp shock waves at its boundary provide tests of the sensitivity and resolution of the technique. For constant plenum (upstream) and background (downstream) pressures, the flow is steady state, permitting the use of a single-path optical system.
The flow system, the optical system, and the dataacquisition system for beam-deflection optical tomography are shown in Fig. 1 . A gas bottle and a highflow regulator provide a plenum pressure of about 1.9 atm of nitrogen. The nitrogen expands through a nozzle into a background pressure of about 3 Torr, maintained by a mechanical vacuum pump. The nozzle may be rotated to give the multiple views required for the tomographic image reconstruction.
'1'he optical system uses a helium-neon laser source focused with a 40-mm lens to a 43-gtm spot in the flow cell. Deflections of the laser beam are measured with a 78.8-mm focal-length transform lens and a splitelement silicon detector. The transform lens is one focal length from the detector, thus transforming incident angular deflections to spatial deflections at the detector plane. However, the lens also acts as a collecaccuracy to 3.5% and spatial resolution to 50 Am were tion lens, directing stray light onto the detector, where interference with the main beam can lead to noise problems. An aperture placed after the focusing lens helps to block unwanted light. To minimize the amount of reflected light reaching the detector, the fused-silica flow cell is antireflection coated on the two outer surfaces and tilted, and the window on the detector is removed.
A PDP11/44 minicomputer performs the data acquisition and image reconstructions. A computercontrolled stepper motor scans the nozzle horizontally through the laser beam to take a single view, or projection, of 120 rays. A second stepper motor rotates the nozzle between views. A total of 100 views is taken per data set. The plenum and background pressures, measured by pressure transducers, and the plenum temperature, measured by a thermocouple, are digitized for each data set. The entire scan takes about 20 min.
Reconstructions are performed with the convolution backprojection algorithm, modified to operate on deflection angle measurements. 6 Consider an indexof-refraction distribution given by n(x, y) = no + fix, y) as shown in Fig. 2(a) . In the paraxial approximation, the deflection angle a of a ray a distance y' from the x' axis is given by 3(b) , and 3(c) show density in a horizontal plane at heights of 0.100, 1.66, and 2.50 mm, respectively, above a tapered nozzle with a 0.833-mm throat. The central bright area is the supersonic jet. It is surrounded by a barrel shock wave. The density rises across the shock wave, resulting in the bright ring around the main flow. The structure in the barrel shock is due to irregularities in the nozzle. This was verified by rotating the nozzle between data sets, which resulted in an appropriate rotation of the reconstructed images of the barrel shock.
The images of Figs. 3(d) , 3(e), and 3(f) were taken of a nozzle with two orifices of different sizes at heights of 0.099, 1.00, and 1.20 mm above the nozzle. In the image at 1.00 mm, the bright line indicates the appearance of shock waves between the two jets. At 1.20 mm, shock waves are visible around the outside of the expansion as well.
The images of Figs. 3(g), 3(h), and 3(i) were taken of a nozzle with three orifices of different sizes at heights of 0.076, 0.800, and 1.25 mm above the nozzle. Here Y-shaped shocks appear at the conjunction of the three jets.
A plot of the measured density between the arrows in Fig. 3(c) is shown as the solid line in Fig. 4 . The background density, calculated from the measured value of the background pressure, has been added to the reconstructed density to give absolute density. The estimated error in the absolute density is 3.5% rms of the peak value. This error is caused predominantly (2) (3) Here Ay' is the sample spacing in a projection. The density, p, is related to the index of refraction by the Gladstone-Dale law, 1 ' p = k(n -1), where k is a constant. The sharp radial lines lead to significant artifacts with only 10 views, but there is considerable improvement with 20 views. With 60 views, artifacts due to insufficient sampling are no longer significant. Figure 3 shows a sequence of reconstructed images of density in supersonic expansions of nitrogen from three different nozzles. The images are horizontal, the flow vertical. Each computer reconstruction took about 70 min using our PDP11/44 machine. All are reconstructed at a resolution of 120 by 120 pixels on an Fig. 4 . Plot of nitrogen-gas density versus radius for a section through the profile shown in Fig. 3(c) . The theoretical curve of gas density is a no-free-parameter calculation using the method of characteristics.
by irregularities in the cell, vibrations during data collection due to the stepper motor, and uncertainty in the background temperature.
The shock wave in Fig. 4 , located at a radius of about 3 mm, should have a width of only a few micrometers.' 2 The actual width corresponds to a resolution of 160 ,um. This agrees well with the horizontal resolution of 140 ,gm in the projections.
The dashed curve in Fig. 4 is a theoretical calculation of the density at the same height using an algorithm of Sherman 13 that applies the method of characteristics. 14 This method assumes the isentropic expansion of a perfect gas but gives accurate results. 3 "15 The theoretical calculation uses measured values of the plenum pressure and temperature, the nozzle diameter, and the height above the nozzle. There are no free parameters in this calculation, which is in good agreement with the measured density. The rms error between the experimental and theoretical curves from the center line to the barrel shock is 2% of the peak value. The estimated error in the calculation of the theoretical curve is 3.5% and is predominantly due to uncertainties in the nozzle diameter and height above the nozzle. There are two significant areas for further research in beam-deflection tomography. The data-sampling rate for this experiment is low, and the reconstructions are performed assuming validity of the paraxial approximation. We believe that both of these limitations can be surmounted. Multiple optical systems consisting of acousto-optic deflectors, rotating mirror scanners, or moir6 deflectometry gratings' 6 could be used to acquire images in a millisecond time interval.
Many experiments 2 -5 have shown that fewer than 10 views are sufficient for imaging systems that do not have high angular frequencies. An iterative or perturbation reconstruction technique incorporating ray bending should work better for beam-deflection measurements than those previously used for interferometric path-length measurements 17 because ray crossings would be accounted for. An interesting variation on the present experiment would be to couple beamdeflection measurements with absorption measurements to image a system with both absorption and strong ray bending.
We have shown that beam-deflection tomography can give sensitive and accurate two-dimensional density measurements of supersonic flows with high spatial resolution. The technique should be readily extendable to the measurement of densities in combustion systems in which stronger gradients are present.
